Design and experimental validation of a simple photonic phase-lockedloop (PPLL) linear phase demodulator employing a novel attenuating counter propagating (ACP) in-loop phase modulator are presented. The ACP in-loop phase modulator is free of propagation delay, allowing stable operation of the PPLL with large gain. Highly linear optical phase demodulation was observed and the measured spurious free dynamic range (SFDR) is 134 dBHz 2/3 at 100 MHz bandwidth.
Introduction: Advanced radar systems benefit from the ability to 'remote' antennas from signal processing units via an analogue fibre, optic link. The optical links are attractive owing to their large bandwidth, low attenuation and immunity to electromagnetic interference. The existing microwave fibre-optic links employ optical intensity modulation and have an inadequate dynamic range owing to nonlinear distortions incurred in the optical modulation processes [1] . In contrast, optical phase modulation (PM) is linear. Thus, a linear PM optical link can be constructed if optical phase demodulation can be realised [2] . In this Letter, we discuss experimental demonstration of a photonic phaselocked-loop (PPLL) utilising a novel attenuation counter-propagating phase modulator that performs linear phase demodulation by phase tracking. Fig. 1 , an RF signal is applied to modulate the optical phase, u TX , in the link transmitter. In the receiver, this optical signal photomixes with an optical local oscillator (LO) signal by a pair of balanced photodiodes (BPD), which produce an error signal proportional to the phase difference u TX 2 u LO . The error signal is then fed back to an in-loop phase modulator to update the LO optical phase. Ideally, the PPLL forces the LO optical phase to mirror the TX phase. Thereby, the voltage generated over the in-loop phase modulator should be a scaled replica of the microwave input. However, in practice, there is a small but non-vanishing difference between the two optical phases (i.e. u TX 2 u LO ), owing to finite loop feedback gain, causing nonlinear distortion at the output. Thus, it is critical to implement tight phase tracking. This requires the phase-lockedloop to have a high feedback gain over the entire information bandwidth. The challenge is to curb the loop propagation delay to assure feedback stability. For example, in order to meet our ultimate goal (a 150 dBHz 2/3 SFDR over a 500 MHz bandwidth), the required feedback gain must be 30 dB and the corresponding delay must be less than 16 ps. A conventional LiNbO 3 phase modulator alone has a propagation delay in the range of hundreds of picoseconds. Therefore, we investigated a novel attenuation -counter-propagating (ACP) in-loop phase modulator [3] , where an attenuating RF modulation field counter-propagates with respect to the optical carrier. The transfer function for this device is [3] :
where f is the optical phase perturbation, V m is the applied RF modulation field, g m is the complex propagation constant of RF field, a ¼ v 0 r n 0 2 /2d is a constant related to the electro-optic medium and modulator construction, v 0 is the circular frequency of the optical field, r is the electro-optical coefficient, u is the speed of light, L is the length of the device and d is the effective electrode separation. We see that if L is sufficiently large, the transfer function is reduced to a lumped element lowpass response that is free of propagation delay:
Formula (2) shows that, in the ACP phase modulator, the product of the sensitivity (a/ug m ) and the modulator bandwidth (ug m ) is equal to the constant a. Thus, there is a trade-off between its bandwidth and sensitivity. However, for phase-locked-loop applications, curbing loop propagation delay is the principal concern and this trade-off is tolerable.
Experimental demonstration: In the experimental system (see Fig. 2 ), the PM optical link was studied using a custom dual-drive MachZehnder (MZ) modulator device fabricated on a LiNbO 3 substrate. The lower arm of the MZ modulator is a conventional co-propagation phase modulator (with a measured V p of 1.9 V) that accepts the RF input and represents the link transmitter. The upper arm is the ACP in-loop phase modulator for the phase-locked-loop. To obtain the desired RF loss, a thin Au film CPW electrode with a length of 6.8 cm is employed. The ACP phase modulator has a measured V p of 1.95 V and a 3 dB measured bandwidth of 100 MHz. In this first ACP-PPLL implementation, we elected to enhance modulation sensitivity at the expense of bandwidth in order to assure that the required optical power is within the capacity of the available components. Through a 3 dB optical coupler, the two arms are recombined and butt-coupled to a pair of balanced high-power photodiodes (CC-UTC devices supplied by J. Campbell). The output of the photodiodes is then fed back to the ACP in-loop phase modulator to form the phaselocked-loop. The PPLL output was extracted by a GSG air coplanar probe (Cascade MicroTech) via a passive circuit, shown in Fig. 3 .
To enhance the open-loop gain, a 100 V series resistor is inserted between the balanced photodiode and the probe to raise the termination impedance seen by the photodiodes. At 100 MHz, where the measurements were done, the termination impedance (including shunt contribution from the ACP electrode) was found to be 97 V. We emphasise here that, because of this setup, the RF power extracted from the probe is 6.5 dB less than the actual RF power generated by the photodiodes. This is equivalent to introducing a 6.5 dB resistive attenuator and should not affect any dynamic range measurement since the system noise floor is not limited by the resistor thermal noise. Finally, because of small responsivity (0.4 A/ W) of the high power photodiodes and various optical coupling losses, the PPLL has a very poor effective photo responsivity: 0.176 A/W, which is defined as the ratio between the total photocurrent from both photodiodes and the optical power entering the fibre pigtail. At present, this poor responsivity limits the achieved dynamic range.
Feedback stability was verified first. With no modulation signal input, we monitored the output of PPLL while increasing input optical power. No evidence of instability was identified for optical powers up to 0.55 W, which is the maximum output from the optical amplifier. We mention here that, if the ACP modulator had propagation delay, instability should have occurred with an optical power larger than 300 mW. To determine the PPLL linearity, standard two-tone intermodulation tests were carried out. For comparison, the test was first done when the feedback path in Fig. 2 is removed so that the experimental system was reduced to a conventional MZ intensity modulator. The measurement shows a large third-order intermodulation distortion (IMD3), as shown in Fig. 4 . The relative IMD3 level (in dBc) was found to be insensitive to the modulation frequencies and optical power levels. Then, we enabled the PPLL feedback and immediately noticed a massive reduction in IMD3. Fig. 5a shows the fundamental RF power and the IMD3 at the probe output when input RF power was swept from 5 dBm to 10 dBm and input optical power was 0.55 W. Comparing  Fig. 5a with Fig. 4 , we found that, when the PPLL feedback was enabled, the relative IMD3 (in dBc) was improved by more than 50 dB under similar RF input conditions. A sample of RF spectrum at the probe output (captured by Agilent 8564E RF spectrum analyzer) is also shown in Fig. 5b , where we see a relative IMD3 of 266.5 dBc when input RF power is 10 dBm per tone. From Fig. 5 , the thirdorder intermodulation intercept point (IP3) at the probe output was determined to be 34 dBm. For the reason stated earlier, the IP3 at the photodiode output should be 6.5 dB higher. Next, the noise floor at the probe output was studied after being boosted 44 dB by two cascaded RF LNAs (Mini-Circuits ZX60-33LN, NF 1.2 dB). The noise floor at the probe output was found to be 2167dBm/Hz. From the IP3 and noise floor measurements, we determine that the system has a SFDR of 134 dB Hz 2/3 . 
